Flavonoids in Our Diet and Health
=================================

Polyphenols are a large family of natural compounds widely distributed in plant foods and beverages, and therefore are regularly ingested by humans. Polyphenols are defined according to the nature of their backbone structures; i.e., phenolic acids, flavonoids and the less common stilbenes and lignans. Among them, flavonoids are the most abundant polyphenols in our diets. Flavonoids are further divided into several classes; i.e., flavones, flavonols, isoflavones, flavanols, anthocyanins, proanthocyanidins, flavanones etc. In 1936, Rusznyak and Szent-Gyoygi^([@B1],[@B2])^ reported that citrus flavonoids reduced capillary fragility and permeability in blood vessels. Thereafter, they have been called "vitamin P" ("P" for permeability), and numerous studies on the biological activities of flavonoids, leading to the good health, have been described. Quercetin (3,3\',4\',5,7-pentahydroxyflavone) is the major flavonoid in our diet, and most of the quercetin in plants is in the glycoside form. In our daily diet, the quercetin glycosides are particularly abundant in onion (0.3 g/g fresh weight),^([@B3])^ tea (10--25 mg/L),^([@B4])^ and buckwheat. Epidemiological studies suggested the tight links between diets rich in quercetin and other flavonoids and the decreased incidence of cardiovascular, neoplastic, and neurodegenerative diseases.^([@B5]--[@B12])^ Another example of the major flavonoids in our diet is flavanols (catechins). They are abundant in green tea (\~150 mg/100 ml)^([@B13]--[@B15])^ and to a lesser extent in black tea (13.9 mg/100 ml),^([@B16])^ in which the parent catechins are oligomerized during fermentation. Red wine (270 mg/L)^([@B17])^ and chocolate (black chocolate, 53.5 mg/100 g; milk chocolate, 15.9 mg/100 g)^([@B16])^ are also dietary sources of catechins. Four major tea catechins are well-characterized; i.e., (−)-epicatechin (EC), (−)-epigallocatechin (EGC), (−)-epigallocatechin gallate (EGCg), and (−)-epicatechin gallate (ECg) at 6.4%, 19%, 59%, and 13.6% of the total catechins in green tea, respectively.^([@B15])^ Much attention has focused on the cancer-preventive effects of EGCg, most abundant catechin in green tea. The anti-atherosclerotic effects of EC, as well as its oligomeric procyanidins, have also been reported using atherosclerotic animal models.^([@B18]--[@B20])^

Bioavailability of Flavonoids
=============================

The bioavailability of quercetin, catechins and other polyphenols in human and rodents has been investigated *in vivo*. After oral intake, the glycosides of the flavonoids are rapidly hydrolyzed during passage across the small intestine (by glycosidases) or the colon (by bacterial activity) to transiently generate the aglycones, which are further metabolized into glucuronides and/or sulfates by phase II reactions, and some (if containing the catecholic moiety) are further methylated by catechol-*O*-methyltransferase (COMT). As the results of the efficient and multiple metabolic modifications, non-conjugated aglycones are scarcely detected in the human plasma. Previous reports have clearly shown that quercetin-3-*O*-glucuronide (Q3GA) and quercetin-3\'-*O-*sulfate are the major quercetin conjugates in rat and human plasma, while the aglycone could not be detected.^([@B21]--[@B23])^ The concentrations of the total quercetin metabolites in human plasma after the intake of quercetin (150 mg from onion) are around 1 µM at maximum.^([@B24])^ We also measured the concentration of Q3GA in human plasma to be 264 nM.^([@B23])^ In contrast to the observation that no quercetin aglycone was detected in human plasma, tea catechins, especially ECg and EGCg, can be detected as the aglycones (20 and 60 ng/ml, respectively, at maximum concentrations 1--2 h after ingestion) in human plasma after intake of green tea.^([@B25])^

Development and Application of Novel Monoclonal Antibodies
==========================================================

Analysis of the specific localization of tissue and/or cellular flavonoids has been difficult, because the analytical methods are limited to chromatography. To overcome the difficulties, we planned to develop the specific antibodies to flavonoids to immunohistochemically characterize their localizations *in vivo*. To prepare the antibodies to flavonoids, we first utilized chemically synthesized Q3GA^([@B22])^ as the immunogen, because (i) Q3GA is a major metabolite in human and rat plasma^([@B21],[@B22])^ and, (ii) the glucuronide metabolites have one carboxyl group, which is available for coupling with the carrier proteins. For catechins, because we did not have authentic catechin glucuronides, a succinylated derivative of EC, which contains a backbone structure common to four major tea catechins, was chemically synthesized. The obtained 3-succinylated EC was then coupled with the carrier proteins and injected into mice.^([@B26])^ Finally, we developed two monoclonal antibodies, termed 14A2 and 5A3. The 14A2 significantly recognized Q3GA, but not the quercetin aglycone, quercetin-3-*O*-sulfate, and 3\'-methylated metabolite isorhamnetin.^([@B23])^ The 5A3 antibody specifically recognized ECg, but not the other catechins including EC used as the starting material for the immunogen preparation. The unexpected specificity of 5A3 to require the 3-galloyl moiety for recognition may be explained by the structural analogy between 3-succinyl-EC and ECg. In other words, the 5A3 is the anti-"3-esterified EC" antibody.^([@B26])^

To examine the localization of Q3GA and ECg (see the structures in Fig. [1](#F1){ref-type="fig"}A), both the 14A2 and 5A3 antibodies were applied to the immunohistochemical staining of human aortic tissues. Although no significant immunoreactivity was obtained in normal-appearing regions, the immunoreaction products of both antibodies were specifically detected in atherosclerotic lesions and were mainly co-localized in the macrophage-derived foam cells.^([@B23],[@B26])^ In contrast, the endothelial cells, smooth muscle cells, and extracellular matrix in the subendothelial layer, the so-called intima, were scarcely stained with these antibodies. Our data clearly showed that, at least two different types of flavonoids, Q3GA and ECg, specifically accumulated in the macrophage-derived foam cells in a human atherosclerotic aorta. The previous observations that inflammatory or other stimuli result in the increased tight-junction permeability of endothelial cells^([@B27])^ might explain the accumulation of these flavonoids in the atherosclerotic aorta. Increased permeability of the endothelial cells allows certain plasma molecules to permeate and interact with the intimal cells, such as macrophages (Fig. [1](#F1){ref-type="fig"}B). Mochizuki *et al.*^([@B28])^ demonstrated the increased permeation of Q3GA through the interleukin-1α-stimulated human aortic endothelial cells, raising the possibility that plasma circulating Q3GA and other molecules could permeate injured endothelial cells at the sites of inflammation and atherosclerosis. As compared with the lower plasma concentrations of flavonoids in the human studies, most of the *in vitro* studies previously reported using cultured cells that required relatively higher concentrations (over µM) of the flavonoids to exert their activities. Therefore, the specific localization of the flavonoids in the injured aorta might be important for their anti-atherosclerotic and anti-inflammatory effects in the inflammatory sites.

Accumulation of Flavonoids in Macrophage Cells
==============================================

We next examined the biological consequences of the accumulation of flavonoids in macrophages *in vitro*. Consistent with the results obtained from the immunohistostaining, the significant accumulation of Q3GA and ECg was also reproduced in the macrophage-like cell lines (RAW264 and/or THP-1) *in vitro*.^([@B23],[@B26])^ Using a quick trypsinization experiment, we demonstrated that Q3GA could bind to the cell surface proteins via anionic binding on the RAW264 cells, but not intracellularly accumulate. In contrast, it was found that the aglycones are incorporated into cells, presumably via simple diffusion.^([@B29])^ Surprisingly, the quercetin aglycone and the methylated quercetins (3\'- or 4\'-methylated quercetins), as well as Q3GA itself, were significantly detected in the Q3GA-treated RAW264 cells.^([@B23])^ The generation of quercetin and methylquercetins from Q3GA reflects the presence of the enzymatic activities of β-glucuronidase and COMT in the macrophages. These non-conjugated derivatives were also detected in other lines of macrophage cells (J774-1, differentiated THP-1 and peritoneal primary macrophages) upon treatment with Q3GA, but not detected in the vascular endothelial cells (HUVEC and BAEC) and many other cell lines from different tissues.^([@B23],[@B29])^ Given that COMT is generally localized inside the cells^([@B30])^ and that Q3GA cannot enter into the cells, the β-glucuronidase-catalyzed deconjugation of Q3GA into quercetin could be the first step in the extracellular fluid or cell surface, followed by simple diffusion inside the cells, followed by the COMT-catalyzed methylation. The possibility whether ECg glucuronides could also be deconjugated into the aglycone remains unproven. In contrast, the enzymatic activity of sulfatase, another important deconjugation enzyme, was scarcely observed in the cultured medium of the RAW264 cells. These results suggest that β-glucuronidase is a key enzyme for the bioactivation of inactive flavonoid metabolites *in vivo*.

The *in vivo* expression of β-glucuronidase is also demonstrated immunohistochemically in the foamy cells in atherosclerotic aorta of the apoE-deficient mice (Fig. [2](#F2){ref-type="fig"}), showing the tight link between inflammation and the deconjugation *in vivo*. We also examined the tissue distribution of β-glucuronidase by immunoblot analysis of various tissues from ICR mice, and found that a significant expression of β-glucuronidase, as well as in the peritoneal macrophages, was observed in the thymus, liver and spleen, which may contain inflammatory cells such as lymphocytes, kupffer cells (in liver), and/or macrophages.

β-Glucuronidase Activity is Linked with Mitochondrial Dysfunction
=================================================================

It has been reported that lysosomal enzymes including β-glucuronidase are released from inflammatory cells, such as macrophages and neutrophils, under inflammatory conditions.^([@B31]--[@B34])^ Using zymography with a chromogenic substrate and immunoblot analysis of the cultured medium, we demonstrated that β-glucuronidase is indeed the major deglucuronidation enzyme secreted from the RAW264 cells.^([@B29])^ Although the β-glucuronidase-catalyzed deconjugation of flavonoid glucuronides has been suggested at the site of inflammation,^([@B35]--[@B37])^ the molecular basis has not fully been understood. We also found that the lipopolysaccharide (LPS) stimulation of RAW264 cells resulted in the significant accumulation of Q3GA and the aglycone,^([@B23])^ however, in spite of the significant deconjugation, the basal levels of both expression and secretion of β-glucuronidase was not enhanced upon LPS treatment.^([@B29])^ It is speculated that the lysosomal enzyme β-glucuronidase requires the acidic conditions for its catalytic activity. Indeed, the *in vitro* deconjugation of Q3GA in the cultured medium was significantly enhanced by adjustment of the pH to 5. Furthermore, the LPS stimulation of the RAW264 cells resulted in the acidification of the phenol-red containing medium, turning it yellow,^([@B29])^ showing that the activation of the macrophages induced the acidic conditions around the cells. Lactate is a major acidic product secreted from the cells as the result of glycolysis, and its increased levels in the medium are generally used as an indicator of mitochondrial dysfunction. We then measured the lactate levels in the cultured medium by a liquid chromatography-tandem mass spectrometry and found increased levels of lactate upon treatment with LPS, as well as a mitochondrial inhibitor antimycin-A. Furthermore, the involvement of increased lactate in the deconjugation of Q3GA was supported by the observation that the direct addition of lactate to the fresh medium enhanced the deconjugation of Q3GA during the RAW264 culturing. These results strongly suggested that the acidification around the macrophage cells through lactate secretion associated with the mitochondrial dysfunction might assist the deconjugation of the glucuronide metabolites.

Much attention has been paid to the mitochondrial dysfunction as a result of autophagy/mitophagy impairment. Autophagy deficiency characterized in Atg5 or Atg7-deifient mice is implicated in various age-related diseases including neurodegeneration,^([@B38],[@B39])^ diabetes,^([@B40],[@B41])^ and hepatocarcinoma.^([@B42],[@B43])^ Recent studies further demonstrated that mitochondrial dysfunction derived from autophagy/mitophagy impairment in the inflammatory cells could be implicated in the induction of chronic inflammation.^([@B44]--[@B46])^ We have demonstrated that the autophagy impairment by Atg7 knockdown induced the β-glucuronidase activity in the medium, and conversely that autophagy inducers reduced the β-glucuronidase activity.^([@B29])^ These observations suggested that autophagy impairment could be a trigger for mitochondrial dysfunction that induces the β-glucuronidase activity.

Deconjugation and the Biological Activities of Flavonoids in Macrophage Cells
=============================================================================

To examine the biological consequences of the localization of Q3GA and ECg in the macrophages in the aorta, the effects of these flavonoids on the expression of scavenger receptors were determined in RAW264 cells. Treatment of the cells with Q3GA and ECg significantly suppressed the expression of a class A scavenger receptor (SR-A) and CD36, respectively, in the RAW264 cells.^([@B23],[@B26])^ Many papers have suggested the anti-inflammatory and anti-atherosclerotic activities of the conjugated metabolites of the flavonoids. However, in most *in vitro* studies,^([@B47])^ the biological activities of the conjugates were examined after longer incubation periods, which might lead to the deconjugation in some cell types, such as macrophages. We confirmed that Q3GA itself, in the absence of the deconjugation activity, failed to inhibit the expressions of the pro-inflammatory genes, such as scavenger receptors and cyclooxygenase-2.^([@B29])^ In contrast, quercetin aglycone and/or the methylated forms significantly inhibited the pro-inflammatory signaling pathways, in particular, the JNK pathway. These results strongly suggested that the deconjugation of the conjugated metabolites is essential for the anti-inflammatory and anti-atherosclerotic activities inside the cells. Therefore, the primary accumulation of the glucuronide on the cell surface of the macrophages might also be important for the activities, because the glucuronides are expected to be efficiently deconjugated into the aglycone on the cell surface, where the β-glucuronidase activity is relatively concentrated. In other words, the cell surface proteins might play a role as a scaffold of the flavonoid glucuronides, leading to the efficient deconjugation into the bioactive aglycones. Recent our findings on the accumulation and deconjugation of flavonoid conjugates are summarized and illustrated in Fig. [3](#F3){ref-type="fig"}.

Are Flavonoids Bioactive *In Vivo*?
===================================

We have recently demonstrated that the injection of LPS into mice resulted in the increased accumulation of quercetin sulfates in the spleen and plasma *in vivo*.^([@B29])^ This result may reflect the deglucuronidation of the sulfoglucuronides at the inflammatory sites. It has also been reported that the sulfated metabolites of quercetin, such as quercetin-3\'-*O*-sulfate and quercetin-sulfoglucuronides, are also the major metabolites in the plasma and urine of humans.^([@B21],[@B48])^ In contrast to the significant β-glucuronidase activity, the sulfatase activity was scarcely observed in macrophage cells. Thus, the quercetin sulfates could also be the major products after the macrophage-mediated deconjugation at inflammatory sites. Although the biological activity of quercetin sulfates has not yet been examined in this study, they could affect the intracellular events by accumulating inside the cells, because the sulfates are generally more hydrophobic than the glucuronides.

Although the potent mutagenicity and cytotoxicity of quercetin have been demonstrated *in vitro*, they have not yet been confirmed *in vivo* after the oral intake of quercetin.^([@B49])^ The safety of orally administered quercetin and other flavonoids *in vivo* may be explained by the fact that most flavonoids are metabolized during absorption and circulation.^([@B21])^ The phase II detoxification converts hydrophobic chemicals into hydrophilic metabolites, and then helps to limit the entry of the chemicals into cells. Indeed, the entry of Q3GA into the macrophage cells was limited only to the cell surface.^([@B29])^ The conjugation (glucuronidation and/or sulfation) of hydroxyl group(s) on polyphenols attenuates the anti-oxidative and anti-inflammatory activities^([@B22],[@B47])^ and promotes their rapid excretion. It has long been controversial whether the conjugated metabolites of the flavonoids can act as health-beneficial agents *in vivo*. As already described, we have reported that Q3GA itself failed to inhibit the anti-inflammatory gene expressions in macrophages and that the β-glucuronidase-mediated conversion of Q3GA into the aglycone is essential for the inhibitory effects.^([@B23],[@B29])^ Galindo *et al.*^([@B50])^ also reported the deconjugation-mediated activity of the glucuronidated quercetin, resulting in the lowering of blood pressure in spontaneously hypertensive rats. The quercetin aglycone was quite unstable under the biological conditions and the anti-inflammatory activity was almost completely attenuated after the degradation of quercetin (our unpublished results). In contrast, quercetin conjugates including Q3GA are quite stable under the biological conditions.^([@B51])^ Hence, the macrophage-mediated deconjugation plays an important role in providing bioactive/unstable aglycones in the biological fluids, in particular, at the sites of inflammation. The selective deconjugation within the sites of inflammation might also ensure the safety of flavonoids in normal tissues.
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![Specific localization of flavonoids in macrophage cells in aorta. (A) Chemical structures of quercetin-3-*O*-glucuronide (Q3GA) and (--)-epicatechin-3-gallate (ECg), which were shown to accumulate in the atherosclerotic macrophage foam cells.^([@B23],[@B26])^ (B) Proposed mechanism for the specific accumulation of Q3GA and ECg in macrophage cells in the atherosclerotic lesions. GA, glucuronides.](jcbn14-9f01){#F1}

![β-Glucuronidase localization in the foamy macrophage cells in the atherosclerotic lesions of apoE-deficient mice. Aortic sections (left, wild-type control mice; right, apoE-deficient mice) were immunostained with anti-β-glucuronidase antibody.](jcbn14-9f02){#F2}

![Proposed scheme for the deconjugation of flavonoid glucuronides by macrophages. Flavonoid glucuronides bound to the cell surface proteins of macrophages were readily doconjugated into the aglycone by the β-glucuronidase (β-G) activity under acidic conditions derived from increased lactate secretion associated with mitochondria dysfunction. The β-glucuronidase secretion was promoted by increased intracellular calcium ions (Ca^2+^). The deconjugated aglycones (or the methylated form) accumulated in the cells could act as the active form for the anti-inflammatory and anti-atherosclerotic activities. The suppression of the gene expressions of cyclooxygenase-2 (COX-2) and scavenger receptors (SR-A and CD36) has been previously demonstrated.^([@B23],[@B26])^ The scheme is modified from our recent paper (Ishisaka *et al.*).^([@B29])^](jcbn14-9f03){#F3}
